Conventional hydraulic actuators in aircraft systems are high maintenance and more vulnerable to high temperatures and pressures. This usually leads to high operating costs and low efficiency. With the rapid development of More/All Electric technology, power-by-wire actuators are being broadly employed to improve the maintainability, reliability, and manoeuvrability of future aircraft. This paper reviews the published application and development of the airborne linear electromechanical actuator. First, the general configuration, merits, and limitations of the gear-drive electromechanical actuator and the direct-drive electromechanical actuator are analysed. Second, the development state of the electromechanical actuator testing systems is elaborated in three aspects, namely the performance testing based on room temperature, testing in a thermal vacuum environment, and iron bird. Common problems and tendencies of the testing systems are summarized. Key technologies and research challenges are revealed in terms of fault-tolerant motor, highthrust mechanical transmission, multidisciplinary modelling, thermal management, and thermal analysis. Finally, the trend for future electromechanical actuators in More/All Electric Aircraft applications is summarized, and future research on the airborne linear electromechanical actuators is discussed.
Introduction
In recent years, there has been a trend in the aerospace field towards increasing the use of electrical actuation system that is usually called power-by-wire (PBW) actuation in the More/All Electric Aircraft (MEA/AEA). [1] [2] [3] [4] The PBW technology seeks different design approaches and extends the applications of electrically powered actuators, such as flight control, landing gear, thrust vector control (TVC), and engine actuation system. [5] [6] [7] The electrical actuation system employing PBW actuators, such as electro-hydrostatic actuator (EHA) and electromechanical actuator (EMA) shown in Figure 1 , transports the power in 'wires' between the devices instead of hitherto hydraulic pipeline, which remarkably improves the actuation performance of aircrafts. 8, 9 Studies have shown that PBW actuators will benefit actuation systems with a series of advantages due to their fault-tolerant capability and exclusion of pipes and fluids: (a) increased safety and reliability due to the absence of poisonous and flammable hydraulic fluids; (b) reduced weight, volume, and complexity of power transmission paths ( Figure 1) ; (c) easier maintenance and less costs due to the lack of hydraulic leaks and better diagnostic capability; and (d) higher energy efficiency and better dynamic characteristics. These actuators are already found on in-service aircraft, in which EHAs and EMAs have become gradually mature enough to be introduced in recent large commercial transport aircrafts. For example, EMAs are used for landing gear braking, mid spoiler surfaces, and trimmable horizontal stabilizer on Boeing 787. 10 On Airbus A380, EHAs are already in service for primary flight controls (ailerons and elevators), while EMAs are employed for slats, trimmable horizontal stabilizer, and thrust reverser actuation. 11 On the military side, the Joint Strike
Fighter has been equipped with EHA-actuated primary flight control systems. The actuator engineers estimated [12] [13] [14] that PBW actuators and related electrical systems could achieve a significant reduction in the fuel burn and maintenance costs on an all-electric passenger plane and lead to a 30-50% reduction of the ground service equipment. For military aircraft in combat situations, the take-off weight could be cut down by 600-1000 lb, and the vulnerability of the fuselage area could be reduced up to 14%. 15, 16 Although PBW actuators are still relative new to the aerospace industry, the concept of MEA/AEA offers more significant opportunities for PBW actuators in the future.
As shown in Figure 1 (a), the EHA is basically a self-contained hydraulic actuator incorporating a pump driven by a variable speed electric motor. In contrast to the hydraulic system, the power control is done by the pump. Varying the Fow and thus the hydraulic power is achieved by changing the pump's speed. By transferring back and forth the fluid from one cylinder chamber to the other, the electric motor and pump assemblies could control the position of the piston connected to the load. As a result, the bulky piping systems and external hydraulic source are eliminated. 17 Conversely, EMAs allow the elimination of local hydraulic devices and do not use the hydraulic flow to drive the screw rod, which leads to a significant maintenance reduction due to less energy conversion and provides a better option for leak-free operation. 18 It is generally accepted that when sized for the same actuation requirements, the EMAs have a weight advantage over the EHAs. 19 In spite of the above advantages, researchers and engineers still face new challenges in the development of EMA technologies for future aircraft applications. Unlike conventional hydraulic servo actuators (HSAs), the principal problem in the extensive application of EMAs is the lack of accumulated knowledge and experience regarding reliability and the risk of failures due to jamming, health monitoring (HM) and assessment, and thermal management. To ensure the required performance of airborne EMAs, detailed experimental tests must be implemented for their characterization and validation. 20 This study reviews the development of the linear EMA system and its testing system, with special regard to the flight controls. First, four different applications of airborne EMAs on MEA/AEA systems are primarily taken into consideration, with major efforts on research and development projects. Second, two typical forms of EMAs and their characteristics are analysed to have a better understanding of the different architectures and mass distributions. Third, an exhaustive review on various EMA testing systems is presented, including performance testing equipment and methods based on room temperature, thermal vacuum environment, and iron bird. Furthermore, common problems and tendencies of the testing systems are revealed. Fourth, key technologies and research challenges on airborne EMAs are discussed in terms of fault tolerance, reliability, system modelling methods, and thermal management. Finally, some potential tendencies of linear EMA development are discussed in future PBW aircraft applications.
Background review
The EMA can be either linear or rotary type. For linear EMAs, the rotational motion of the motor is transformed into the linear motion by a mechanical assembly, such as a ball or roller screw mechanism. For rotary EMAs, the motor speed is reduced by a gearbox, which is connected to the surface either directly to the hinge line or by a connecting rod assembly. 21 Figure 2 shows the major components of and differences between linear and rotary EMAs. As a more general application, the linear EMA in the aircraft application is mainly considered and discussed in this study.
Development and application
The maturation of More/All Electric solutions conducted in the laboratory environment can take several decades before operating in mission conditions. Technology Readiness Levels (TRLs) are used to identify the maturity of a new technology, from TRL 1 (basic scientific research) through TRL 9 (being put into service for a larger system). For example, the EHAs took about 30 years from the initiation of technology concept on mid-1980s to the application on Airbus A380 in 2007. The EMAs follow the same path in the different domain. The first development in space applications stimulate the EMA's advance from the 1970s, 23, 24 and it is also found their functionality on the Space Shuttle, X-38 Crew Return Vehicle, 25 and unmanned aerial vehicle 26 flight controls. This review places extra emphasis on their electrical actuation solutions for commercial aircrafts and helicopters. On a MEA/AEA, power requirements and functional characteristics for actuation are numerous and different. They essentially concern the following applications.
Primary flight controls. The purpose of primary flight controls is to control aircraft trajectory, i.e. to control the three rotational degrees of freedom: the ailerons Figure 2 . Classification of different EMA types. This figure was adapted from Figure 1 of Wagner et al. 22 with the permissions from the copyright owner SAE International. LVDT: linear variable differential transformer.
for roll, the rudder for yaw, and the elevator for pitch (Figure 3 ). Until the 1980s, the experiences of EMAs used for primary flight surface control were increased, and many aircraft manufacturers and researchers began to test and verify EMAs. To establish credibility for the EMA technology and to obtain practical experience, a dual linear EMA for controlling the left aileron of a C-141 aircraft was developed and demonstrated for flight test in 1986 instead of the dual HSA. 28 Encouraged by the successful results of the C-141 aileron, additional PBW systems in a variety of sizes and configurations were further developed. Beginning from 1990, Lucas Aerospace 9 fabricated the flight quality EMA demonstrators for large aircraft aileron, which was the first system designed to be used for a primary flight control surface. The system advances include the development of stress-limiting device and damping generator to prevent flutter in the event of system shutdown. Besides, development programmes have been conducted to validate their feasibility in terms of new technology and to demonstrate their integration within the flight control surfaces. Such research activities that have been completed involve EMAS, 29 EPAD, 30 and MOET. 31 It is noteworthy that the foundation for EMA characterization originates from the experiments in the EPAD project, where a HSA of the left aileron was replaced with a duplex EMA. The EMA comprised two 3-phase brushless direct current (BLDC) motors to drive a single ball screw through a differential gearbox. The introduced gearbox was used to sum the output velocities of the individual motors, thus eliminating force fighting between two lanes. The thermal performance of the EMA was highlighted, where the worst thermal loading occurred when the aircraft deployed the ailerons as flaps, flying around for extended periods of time. The extended operation against a steady load, coupled with the continuous small corrections at slow speeds, resulted in the termination of a test point. The main characteristics of EMAS and EPAD projects are provided in Table 1 .
In the frame of the COVADIS project, 33 a civil aircraft A320 successfully flew an EMA on its right aileron surface for the first time. Thereinto, 114 flight hours and 38 flight cycles were accumulated without any alarm occurred, which means a good level of TRL6 has been achieved. Between 2011 and 2016, the Actuation 2015 project aimed at developing and validating a common set of standardized and scalable EMA modules that addressed cost, reliability, and weight requirements. 34 The actuation systems included primary and secondary flight controls on large commercial aircrafts as well as helicopters.
As for helicopters, the flights are controlled by acting on the swashplate and on the collective pitch of tail rotor blades. Within the HEAT programme, 35 an electromechanical actuation system was developed to address rotorcraft relevant issues by reducing the 37 successfully built a hardware to use IBC as the primary flight control in a tilt rotor aircraft. Although all these research activities and development efforts, EMAs are not yet mature enough for primary flight controls because of their jamming probability except for low-power applications. It is acknowledged that EMAs for primary flight control applications face a long way from aviation acceptance as safe.
Secondary flight controls. There appears higher acceptability for manufacturer of EMA-actuated surfaces in less safety-critical applications, such as flaps, slats, spoilers, and trim horizontal stabilizers. These are surfaces where jamming is not catastrophic and operated discontinuously. The high lift actuation system controls the slat and flap surfaces to increase lift during take-off and landing. Developed between 2001 and 2004, the DEAWS research project 38 was a typical demonstrator to investigate the feasibility of high lift systems distributing electrical actuators for reducing system complexity. Initial tests on the motor and power electronic converter, and symmetry control tests between flap surfaces were performed on an industrial test rig. When an actuator failure appeared, DEAWS allowed the failed surface to lock a position, but maintained operation of the remaining surfaces. As for spoiler actuations, Fronista and Bradbury 39 developed an EMA on a spoiler for a transport aircraft, where an incorporated ratchet mechanism was to remain the spoiler surface in that position in case of power loss. At the in-service level, the EMAs were already served on the advanced Boeing B787 for four out of 14 spoilers (Figure 4 ). It is also worth noting the first full electrically powered Trimmable Horizontal Stabilizer Actuator was implemented on the A350, 40 which represents a major advance for the secondary flight control actuation system.
Landing gears. The requirements of actuation functions in landing gears are numerous, including raising or lowering of landing gears (extension/retraction), nose-wheel steering, and wheel braking. Since the control of the extension/retraction is simple, the main difficulties focus on the tolerance or resistance to jamming and the ability of damped free fall in case of function loss. This is the reason why most research programmes ELGEAR, 41 CISACS, and MELANY 42 discussed about the testing and evaluation of jamming-related efforts when the extension/ retraction is actuated by EMAs. In 2005, the DRESS project 43 aimed to develop and test a highly reliable electromechanical nose gear steering system for a single aisle commercial aircraft. Afterwards, an electric landing gear system in ELGEAR NWS project 38 was developed between 2007 and 2009. It was found that the frequency response of the actuator was limited by the considerable backlash in the mechanical system. The temperature monitoring proved a major failure, thus a free-to-castor mechanism was employed to resist actuator jams. The EMA braking is achieved by applying high axial force on the pack, which eliminates the hydraulic fluid in the severe condition and facilitates maintenance. As an example, the EABSYS project (launched in 1999) 44 involved EMAs to apply the wheel brakes of an aircraft and demonstrated the EMAs can operate a brake system after the actuator jamming. For the in-service application, a total of 32 EMAs and four motor control electronic units have also entered service on Boeing B787.
Engines. The EMAs used for MEA/AEA engines also perform numerous control and monitoring functions, such as variable stator vanes and variable bleed valves steering, thrust reversers control, and geometry modification of air intakes or nozzles. 45 Although the duty cycle of these actuators is relatively short, they are characterized by working under harsh operating environment (temperature from À50 to þ125 C, high stresses of up to 60 kN). It has proven that roller-screw-based EMAs performed gate actuation of the engine air intakes with no failures throughout the service life of the supersonic airliner. 46 Recently, Airbus A380 and A350 introduced EMAs in their Electric Thrust Reverse Actuation System. 40 Mechanical power was distributed by flex shafts to the central actuators, and then transmitted the motion and force to the transcowl. For the thrust reverser's application, the synchronization of EMAs is the crucial consideration.
Architecture of EMA
The EMA ( Figure 5 ) generally consists of a mechanical actuation assembly (namely actuator module, including mechanical components and a servo motor) for converting electric energy into mechanical energy and an electronic control unit (ECU) for A compact variable-speed servo motor with high reliability, high power density, and acceptable heat dissipation is required in flight control case. Several motor types may be suitable, and three common options are permanent magnet synchronous motor (PMSM), BLDC motor, and switched reluctance (SR) motor. The choice of motors normally depends on the power supply on board. For example, the PMSM can be an appropriate type when an alternating current power supply directly drives a servo motor. 47 The motor controller is used to control the speed and direction by windings' electrical switch through power electronic devices. An empirical mass estimation of a BLDC motor and its power electronics based on torque-speed characteristics can be referred to Torabzadeh-Tari.
(b) Gearbox
The main purpose of the gearbox is transforming the servo motor's high speed and low torque to low velocity and high torque of a screw mechanism. Harmonic gear reducers, cycloidal reducers, or planetary gear reducers are an effective option because of their compact structures, ease of reaching zero backlash, and high efficiency. It must be noticed that a major part of the actuator mass can be devoted to the servo motor when using planetary gear reducers due to their low transmission ratio, compared with the high reduction ratios of harmonic and cycloidal reducers.
(c) Screw mechanism
Either a ball screw mechanism (BSM) or a planetary roller screw mechanism is used to convert the rotary motion to linear motion with a required force. Connecting the servo motor and external load, torque and speed are matched by the transitional mechanism. For a given load, the planetary roller screw mechanism is made with a lower lead than the BSM and its load capacity is higher. Total mass of the actuator tends to decrease when the transmission ratio increases by increasing the reducer transmission ratio and decreasing the lead of the screw mechanism. 49 To maximize stiffness while minimizing weight, a hollow screw shaft is selected to accommodate a linear variable differential transformer to measure the screw rod's linear position for control loop closure.
(d) ECU
The EMA module is controlled by a suitable ECU, which works at 28 Vdc power from a power supply. Power control determines motor current by voltage pulse width modulation to the motor in response to a position or torque command signal. The EMA position and load sensor send the position/velocity and load information to the ECU for position feedback and current limitation. For flight status where the external load is high, additional temperature sensors are usually installed on the controller housing near the connectors to record the external temperature rises and to alarm high temperature.
Actuator weight shall be permanently challenged during the preliminary and detailed design phase. At the actuator level, each component can have a significant impact on the parameter criteria as the total mass depending on the mission profile and architecture configuration.
50 Figure 6 shows the mass distribution of the EMA components using scaling laws 52 to perform an automated preliminary sizing. Although the difference is objectively existed and permitted between the components standardization of a product range and the calculated optimal configuration, it is still critical for sizing calculations with limited input parameters and early simulations to mitigate risk. The EMA structure described by Botten et al. 5 for high-power flight controls is shown in Figure 7 (a). As a basic form, the gear-drive EMA is susceptible to certain single-point failures 54 that would generate an undesired mechanical jamming, consequently bringing complications for flight certification on some surfaces. For these reasons, the gear-drive EMA is not suitable for primary flight control applications; nevertheless, secondary actuation systems and other actuation functions which are lower risk compared with flight control surfaces could accommodate such a technology. As an example, Wachendorf et al. 55 presented an actuation system that included two differential gearboxes with three shafts, incorporating two active-parallel operating load paths to control the stabilizer. Torque difference between the dual load-path EMAs (position summing via a differential gearbox in each path) can be compensated by one of the input shafts. In case of failure, the mechanical self-synchronization guarantees the free moving of both actuators.
The other common form is the direct-drive EMA, which includes a power converter and a high-power density motor that is directly connected to a screw mechanism without a gearbox. In this way, permanent magnet can be glued directly on the surface of the cylindrical nut that represents the rotor, thus leading to a correspondingly concentrated weight. Directly supporting the load, the screw mechanism is installed parallel on ball bearings so that the nut is connected to the housing for space saving. The direct-drive EMAs have the following advantages 56 : decreased mechanical jamming susceptibility, less probability of actuator damping loss, increased actuator efficiency and reliability, and reduced system inertia due to the elimination of the in-between gearbox. It could be a major improvement depending on the system acceleration requirements or the duty cycles. As a result, a high-performance servo motor is required with high torque density and reliability. On the other hand, in absence of gear transmission's buGering eGect, any load disturbance or parameter perturbations can be directly reFected to the motor and the control system. 57 This architecture produces challenges to the control strategy for high load disturbance rejection ability and positioning precision. As for the direct-drive EMA that is based on the inverted roller screw technology, the difficulties of integrated manufacture are focused on the partial assembly and
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(a) (b) Figure 6 . EMA mass distribution for (a) spoiler control (overall transmission ratio of 6283) 51 and (b) nose landing gear steering (overall transmission ratio of 2349). accurate machining of long internal threads of the screw mechanism. Figure 7 (b) demonstrates a directdrive EMA model that a group of heat sink flanges are set outside the housing 53 because of the possibility of overheating.
Besides the above subcomponents, other power management functions such as clutch, brake, and torque limiter can be combined with the two basic architectures to accomplish flight surface motion. For example, to avoid damage to other components, a torque-limiting device is used as a backup limitation system in the event of electrical load limitation failure. Coupled and uncoupled through a command signalling directly from the ECU, a friction-type clutch can also be incorporated into the drive train to manage mechanical power. Also, a gear-drive EMA that is equipped with a brake motor could enhance the power density, and therefore, braking energy can be recycled. 58 However, overall costs and weight will also rise due to the increased complexity of the system.
EMA testing system
Even though the EMAs have been correctly designed and implemented, feedback from the experimental testing is needed, for a better understanding of various faults and operating characteristics under varied working conditions. More generally, a testing process from universality to particularity would commonly be adopted to examine the EMA's capacity and reliability. In this work, testing systems in three conditions include room temperature situation, thermal vacuum environment, and iron bird, which are elaborated and summarized to guide the EMA testing system design.
Testing system at room temperature
In the early 1990s, PBW actuation testing systems including the EMA system have been established at room temperature. Schinstock and Haskew 59 designed a dynamic load test stand to yield a large dynamic load on a test EMA. The test stand utilized high-bandwidth hydraulic actuation to generate heavy loads on a roller screw mechanism for evaluating the effects of large, high frequency loads on the mechanism. This equipment demonstrated a simple I-beam structure with a limited working range. The qualification of EMAs requires relevant ground testing in accordance with the operating conditions. In such an attempt, Mare 60 designed an actuator test stand to assess the actuator closed-loop dynamic characteristics and its endurance capability. With a vertical architecture in Figure 8 , the test stand could simulate in-flight operating conditions of helicopter actuators and launcher thrust vector actuators. It can also represent the structural stiffness of airframe and the inertia of actuated load. Gravity compensation can be also added, if necessary. An active loading system design ensured a high load and high performance expectation, but it is difficult to ease the possibility of interaction with a test actuator. Similarly, a servo actuation evaluation system was established to investigate the influence of friction and clearance in transmission mechanisms, simulated rudder inertia, and anchorage stiffness on the actuator performance. The test rig (Figure 9(a) ) was considered as a horizontal closed-linear structure to guarantee the rigidity of actuator's installation in different sizes. With a single variable factor or combined factors of the stiffness, inertia, friction, and clearance, the impact of those factors on EMA static and dynamic performance, such as step response, frequency response, and dynamic stiffness testing can be performed.
For seeded fault testing, Smith et al. 62 performed an experimental research on EMA faults and a datadriven diagnostic approach including experimental test stand build and model-based HM. According to the system requirement, a full-scale EMA test stand was established in the experiments for validating fault analysis and prognostics algorithms. Several critical failure modes, such as backlash, BSM jamming, shaft eccentricity, winding short, and resolver fault were inserted into the EMA, 63 and some of the test methods and ranges are listed in Table 2 . The loading system could create customizable force by a larger load EMA instead of hydraulic or pneumatic systems. The test EMA was equipped with some sensors that provide a high-precision representation where a laser sensor was used to observe the backlash over a shortened stroke. Data acquisition software was executed on the central computer and provided the user with interface for system monitoring, testing case, and data visualization. In addition, other typical testing systems are summarized in Table 3 .
Other researchers also designed and built relevant actuator testing systems and conducted many tests [71] [72] [73] [74] including dynamic stiffness, vibration, temperature, and matrix converter experiments to expedite the validation of EMAs at room temperature. From the above statements and analyses of different actuator testing apparatuses, some facts about the EMA testing system are summarized and noted:
1. The testing parameters of EMA performance assessment include various measured data such as force, velocity, position accuracy, motor current, temperature, vibration, frequency response, and dynamic stiffness. Also, it is highlighted that the testing system should provide a function of fault diagnosis and reliability detection in fault injection experiments to characterize the EMA performance by these parameters. The requirement of fault testing on the system components contributes to a successful development of airborne EMAs. The entire range of measurement is 50 mm; resolution of relative motions is 0.001 mm. Actuated load An in-line load cell with compressive and tensile capacity is attached to the coupled actuator shafts and provides system feedback.
The custom loading profiles is up to 5 metric tons.
Drive current in the motor windings
An internal current sensor within the T200 series servo drive is recorded by the data acquisition system as an indication of the motor torque. 
Testing system in a thermal vacuum environment
The test process in a thermal vacuum environment ensures the reliable use of EMAs in some flight environments. For example, the EMAs were certified on flight test vehicles in a qualification test procedure. 25 The procedure was operated on a spring stand (as well a thermal/vacuum chamber). The testing result indicated that the EMAs were simple to use and had minimal risks to ground operations. In 2014, Barnett 75 constructed a laboratory apparatus and data acquisition system for evaluating aircraft flight control actuators using an environmental chamber to simulate actuator bay temperature. Key performance characteristics, such as frequency response, step response, reversal, backlash, and holding, were carried out to validate that this set-up could successfully evaluate and characterize EMAs. The actuator was placed in an environmental chamber ( Figure 10 ) that duplicates the ambient temperature as a function of altitude. It can generate desired heating and cooling rates commonly found in an aircraft envelope. The apparatus could record EMA electrical, mechanical, and thermal parameters synchronously, which provides a basis for energy analysis. 77 The EMAs used for CleanSky HP-SMART EMA project 78 were qualified in vibration and thermal tests. It was suggested to implement a speed limit in the control system that varies as the temperature decrease to avoid high current consumptions.
Currently, the loading system in a thermal vacuum environment mainly includes the spring loading and hydraulic loading method. Nevertheless, the spring loading is a generic passive loading that has some limitations when high-frequency load is needed. The thermal vacuum environment is achieved by putting the test EMA or overall aircraft into an environmental chamber with hot or cool air injection. For example, Kudlac et al. 79 described a thermal vacuum facility that provided thermal vacuum simulations to support lightweight structures testing. A vacuum level of 1.3 Â 10 4 Pa and a uniform temperature environment of approximately 77 K were accomplished in the vacuum chamber. Meanwhile, a nominal heat flux of 1.4 kW/m 2 in the chamber's interior was formed due to the infrared lamp array, which simulates radiation to space and solar exposure on the aircraft surface.
Testing system on iron bird
For any actuation type, the iron bird testing is intended to validate the coupling of the EMAs with other systems. In the previous flight test experience, 30 the EMA system was built in a hardware-in-the loop test stand, which simulated the assembly position and kinematics of the aileron. The avionics were integrated on a retired iron bird. This set-up was used to perform system verification, performance validation, and contrastive testing, such as position and frequency response. Test results showed that the EMA slightly outperformed the standard actuator on the right aileron in terms of tracking capabilities. However, the thermal performance of the EMA was worse, and the maximum thermal response was up to 110 C. Constant aero loads required the servo motor to maintain constant torque causing high current draw and heat generation due to winding resistance. 80 Further to an iron bird testing of the EMAs in COVADIS project, 81 a clearance for flight was obtained based on the qualification tests. Regarding to prognostic experiments on helicopters, Balaban et al. 82 reported that a flyable EMA test bed was mounted on the floor of the aircraft cabin to initially validate the diagnostic and prognostic method. During the tests, the load profiles were derived using the real-time flight data and the timescale of fault growth was within the duration of a single flight.
In addition, iron bird testing was expected to verify the coupling of the PBW actuators with the electrical generation, using torsion bars 83 to reproduce the aero loads at each actuator. The testing showed that unrealistic harsh surface movements, such as frequency response, can be harmful under these loaded conditions. However, this iron bird thermal environment was not representative of the aircraft in flight. Briefly, qualification of the actuators using real flights through field trials is a very costly and time-consuming process. 84 
Key technologies and research challenges
During the EMA testing process, some issues and challenges are presented and need to be highlighted and solved, especially under the conditions of restrictive space and high power density. The removal of the hydraulic part introduces new constraints, such as redundancy design, reflected inertia and overload protection, and effective heat transfer for cooling the actuator. Thus, high requirements of fault tolerance, reliability, and thermal management have become main factors limiting the further development of EMAs. Here, four critical technologies and research challenges are highlighted and elaborated in the following sections.
Fault-tolerant motor
The motor in safety-critical applications is designed with reliability requirement, 85 with resort to the redundancy design technique to provide a system with tolerance to failure. It includes duplicating system elements or adding backup channel. For instance, first the complete redundancy system employs two or more sets of independent actuators forming dissimilar redundancy, which includes active/active mode, active/no-load mode, and active/ passive mode. 86, 87 The most exemplary architecture is an EMA combined with a HSA to make a hybrid redundant actuation system. However, force fighting occurs because of the channel differences and manufacturing tolerances in the first two modes and even leads to surface fatigue. It cannot be ignored especially when it comes to an increased magnitude of position demand and load peaks. 88 The active/passive mode does not suffer the force equalization issue, but the active actuator must overcome the external force caused by the passive one at the expense of rapid response. 89, 90 Second, the electrical redundancy system is backed up by two or more sets of motor and control devices as shown in Figure 11 . Two independent electromechanical paths converge until there is a mechanical summing (velocity or torque) to drive mechanical transmission. In such cases, the paratactic structure that shares the rotor and dual-redundant armature windings is commonly adopted in the electric motor. However, failure isolation cannot be fulfilled in the electrical redundancy system, thus resulting in a decreased reliability. Next-generation fault-tolerant redundancy of EMA architectures comes from electric drives with multiphase motors, which provides fault tolerance against stator coil and inverter or gate drive failures. Multiphase-based EMAs do not suffer from added rotor/load inertia associated with the redundant motor, which allows to have the same availability and reliability. The main benefits and drawbacks of the three redundancies are summarized in Table 4 . Villani et al. 92, 93 revealed that a sensorless fivephase permanent magnet brushless motor for aircraft flap actuation can run up to rated torque even when one or two phases were opened. Niu et al. 94 presented a multipole permanent magnet machine using fractional-slot concentrated winding and the Vernier machine structure. In this dual-structure machine, the outer and inner stator windings can either be operated simultaneously or used independently, through which the fault-tolerant capability was enhanced. Besides, the SR motor, 39 the PMSM, 95 and the fractional-slot interior permanent-magnet machine with dual three-phase windings 96 have also been validated to meet the fault tolerance requirement. However, it is generally considered undesirable in a system with more than five phases due to excessive complexity and costs, as well as the increased possibility of a single circuit failure. The reasonable range of phase number is 3, 4, or 5.
97 By providing compensation for potential failures, a fault-tolerant system can achieve reliability objectives without recourse to non-optimized redundancy or oversizing. 
High-thrust mechanical transmission
As mentioned before, motion transformation is completed by screw mechanisms such as the acme screw mechanism, BSM, and planetary roller screw mechanism (PRSM). The first two types of screw mechanisms have been used in industrial motion and load control applications for many years. Recently, EMA engineers and actuation suppliers are looking closer at the application of PRSM as a competing technology for the BSM-based EMAs. Compared with BSMs, PRSMs ( Figure 12 ) are more suitable for those applications in which a significant shock load or large external load is applied. This is because of the incremental diameter and number of contact areas in PRSMs, which makes them a preferable technology for EMA applications. Table 5 summarizes the comparison among the three types of screw mechanisms. 98 It shows that the PRSM is the most promising mechanism for this application. However, due to the manufacturing difficulties of this structure, only a few companies have a capacity of PRSM design and manufacturing. After all, the lack of exhaustive theoretical research limits the sufficient development of PRSMs.
It is only during the past decade that literature on the exploration of PRSMs has become available. The research focuses on geometry design, 99 kinematics, 100 load distribution, 101 load-carrying capacity, 102 and efficiency. 103 Jones and Velinsky 104,105 did fundamental research on the kinematics and dynamics of the standard PRSM through analytical methods, which allows for a better understanding of the mechanism. Abevi et al. 106 built a hybrid model based on a structure of bars, beams, and non-linear springs to calculate the static load distribution and axial stiffness. Hojjat and Mahdi Agheli 107 comprehensively studied the capabilities and limitations of PRSMs and showed that large leads or extremely small leads can be realized. However, there is less work about theoretical and experimental research in multi-body contact, thermo-mechanical coupling, vibration, failure and lubrication, jamming, and diagnosis methods of PRSMs, especially when it comes to high-speed and heavy-load flight conditions. In spite of promising results on PRSM, the effort needs to increase in collection of data results and substantiations.
As EMAs are subjected to repeated cycles, the surface of mechanical components suffers degradation that manifests itself by a slight increase of backlash, which will affect the system stability, manoeuvrability, and flight profiles. 108 Experiments conducted by Isturiz et al. 109 showed that the backlash in screwbased EMAs can be monitored by motor currents and position sensors without the added monitoring functionality. Indeed, PRSM-incorporating gear teeth and screw mechanisms that offer numerous contacts of metallic parts are susceptible to mechanical jamming. This risk of jamming is a fatal problem for the certification of EMAs in primary flight control applications although only a few jams have been reported. On the other hand, it is worth noting for certain secondary actuations, such as the actuation of a trim horizontal stabilizer, jamming is the preferred fail mode, 32 since the load is then frozen in position.
It is commonly admitted that two types of jamming failure exist for the screw components. 110 One is catastrophic failure, where predictive maintenance is impossible and the phenomena happen without premonitions. The corresponding strategies for ensuring safe-life operation are to isolate the failure inside the actuator, such as by employing another mechanical channel (duplex actuator), by splitting the load and associating each part of it with a single actuator, or by integrating a declutching device. The other failure mode is fatigue and wear that have a developing process to a final mechanical jamming. For this kind of failure, operating parameters can be measured and predictive maintenance is viable. It occurs because the external loads fatigue the materials on the raceways under high contact stresses. Also, weak thickness of the lubricant film and low lubricant viscosity caused by temperature rise render the transmission jamming. Thus, strategy based on failure anticipation, HM is recognized efficient for increasing reliability and improving maintenance. HM system has been accomplished within the scope of the projects such as the SAFRAN/Sagem SMART WINGS project, 33 the Airbus project COVADIS, 40 and the FP7 ACTUATION2015 project. 111 It is highlighted that new integrated sensors and electronics in HM systems are also prone to failure, which increases system complexity and costs. In this way, reliability of the actuator can be affected and need to be reconsidered. The cost of HM systems, increased by adding new elements, should not be as high as to exceed maintenance cost savings.
Multidisciplinary modelling approach
The EMA is a multidisciplinary complex concept including electromagnetic, thermal, mechanical, and control systems. The mathematical model of EMA systems is required for simulation works of control strategies and dynamic response analyses. When considering multidisciplinary modelling, it is necessary to incorporate the multi-domain coupling characteristics that may lead to inaccurate conclusions or even failure.
There are two major means for EMA system modelling. One is the typical mathematical modelling method adopted by most authors, [112] [113] [114] [115] which is based on the system transfer function or state-space description. Nevertheless, this method allows for a less accurate description of the EMA system complexity, which limits multidisciplinary modelling. Results can be inaccurate due to some simplified assumptions of non-linearity. The other approach is to set up the multidisciplinary model using the bond graph theory and to solve for the dynamic response. This theory is based on a graphical representation idea of a physical dynamic system using arcs to represent bidirectional exchange of physical energy. Power is transmitted between components by a combination of 'effort' and 'flow'. 116 Thus, bond graphs can incorporate multiple domains and perform multidisciplinary system modelling, such as EMA and EHA systems.
Examples of the approaches in EMA design. As for the mathematical modelling method, most researchers design the EMAs in virtual software packages after describing the mathematical equations that govern EMA dynamic characteristics. According to the basic architecture described in 'Architecture of EMA' section, the dynamic equations of major components are listed below. The motor governing equations in the rotor reference frame (d-q coordinates) variables can be represented as a set of differential equations
where I d,q , L d,q , and U d,q are the current, inductance, and voltage in q-or d-axis, respectively; R is the motor resistance, ! M is the angular velocity of the motor, and T EM is the electromechanical torque. Thus, the equation of motion for the position M of the motor is
where J M is the motor inertia, is the motor damping coefficient, and T L is the motor-load torque. Using a lumped mass model, all rotating components of the gearbox, the connecting shaft to the motor as well as the rotating parts of the screw mechanism are represented by the following equation for the rotational movement
Here, J rot , c rot , and d rot are the lumped inertia, stiffness, and damping of those rotating components, respectively, G corresponds to the angular position output of the gearbox, T fr,rot and T rot denote a Stribeck friction torque load and the load acting on the rotating parts. 113 Analogously, the translational movement of the screw mechanism is described as equations (7) and (8) 
where m EMA is the mass of the translational parts, c sm and d sm are the stiffness and damping between the screw mechanism components, x sm and x EMA represent the displacement of driving part and EMA output, F EMA is the actuation load, F sm and F fr,sm are the acting force and friction force between the screw shaft and the nut, respectively. Finally, the transition between the rotational and translational movement is connected by the relations
where i G and i EMA stand for the gear transmission ratio and total EMA ratio, EMA is the efficiency of the gearbox and the screw mechanism, and P h is the screw pitch. For equations (9) and (10), backlash in the kinematics of the EMA is neglected when deriving a linear model. Thus, the relationship between input motor voltage/currents to the end actuation load can be obtained when combining with proper control strategies. For example, Habibi et al. 108 built a simulation model for a high-bandwidth EMA system with emphasis on the effect of dead zones by using multiple inner loops. Cochoy et al. 113 discussed non-linear as well as linear models for an EMA and a control surface for matching of actuator dynamics and simulation of the control laws to reduce force fighting. Arriola and Thielecke 114 created a detailed nonlinear model of two parallel EMAs to enable the design of safety control functions and to reduce the reflected inertial load peaks using an active load control strategy. Chakraborty et al. 115 developed a simulation model to estimate the aerodynamic loads of primary flight control surfaces and evaluate the weight of each component.
From a load perspective, the EMAs exhibit a dominant inertial effect caused by the inertia reflected by the motor rotor through mechanical parts, compared with the single piston of the HSAs. From above equations (4), (5), (7), (9) , and (10) and the kinematics of EMAs, an equivalent relation can be derived that the inertial character of actuator's rotating components (J M and J rot ) reflects on the load, which generates an effect of equivalent moving mass m e m e ¼ i
To minimize the EMA's mass, it is expected to adopt a high reduction ratio (i EMA ). However, an adverse equivalent moving mass is also inevitably introduced, even corresponds to over 10 times 32 the equivalent translating mass of the external load. This reflected inertia increases the response time and reduces the natural frequency and can cause catastrophic shocks during the arrival to end-stop. Thus, a design methodology is needed to optimize the selection of the electrical-mechanical combination and the relationship between the actuator's mass and transmission ratios.
The bond graph theory facilitates the influence study of parameter variations, which contributes to sizing components and optimizing a heterogeneous system. Haskew and Schinstock 117 employed the modelling technique to optimize the EMA component selection for thrust vector application, based on sinusoidal steady-state analysis of an equivalent analogous circuit. Karam and Mare 61 developed an EMA lumped parameter model in a structured way, where the functional power path is highlighted by using bold bonds ( Figure 13 ). The experiment validated the system-level EMA model based on the bond graph formalism. The methodology was also used to enable thermal balance analysis; response to jamming faults 11 ; impact of compliance, friction, and clearance 118 on EMA dynamic performance. In addition, co-simulation or collaborative simulation is another effective means to design multidisciplinary systems. This method allows single sub-components to be packaged by different simulation tools that exchange information simultaneously. 119 Meanwhile, co-simulation integration requires a model interface and time constrains definition.
Recently, Budinger et al. 120 in Toulouse extensively studied on the model-based preliminary design of electromechanical systems. In order to make the best of their capability to reflect the physical constraints for sizing the actuator components, causal modelling and scaling laws are adopted in early design, which can be seen as an analysis tool for EMA components. The scaling laws, also called similarity laws, are an efficient way to investigate the effect of varying representative parameters. The scaling ratio of a given parameter is calculated as
where l 0 is the dimensional parameter taken as the reference and l is the dimensional parameter under study. As an example, the variation of a shaft volume in case of an identical variation for all geometrical dimensions is
where V is the volume of the shaft, l is its length, and r is its radius. In the same way, the evolution of the mass M and rotating inertia J can be calculated as a function of dimension l
Thus, the simulation parameters, integration parameters, and operational parameters of EMA components can be similarly obtained according to different definition parameters. 121, 122 For example, to get an better understanding for how much the EMA might weigh when sized to some load requirements, the mass criterion that is based on geometric similarity is adopted. Table 6 is the mass comparison of bearings and ball/roller screws, gear reducers, as well as electromechanical components, such as brushless motors, and clutches. Scaling laws' use with system simulation models and inverse simulation enable quick sizing and structure evaluation even with complex mission cycles. The suitability of this methodology was validated with the preliminary sizing of the EMA for flight control surfaces and nose landing gear steering. 50 Furthermore, Chakraborty et al. 123 established a requirement-driven methodology that integrates the analysis of flight control actuation system effects and architectures to consider a vehicle and mission level of EMA's preliminary design.
Thermal management and thermal analysis
An inevitable issue of the EMAs in use is heat generation and thermal management when replacing traditional hydraulic system with compact EMA system. As for the hydraulic system, the heat generated by the hydraulic actuator can be circularly brought back to the main tank where heat sources get cooled by the fluid flowing. However, heat generation can only be eliminated by local heat transfer in the EMA system. Removing of the hydraulic network means that hydraulic fluid will not be available as a convenient method of dissipating the heat. 124 As a result, it is required to facilitate temperature prediction and control in the initial design process. Currently, issues that are challenging thermal management are transient heat storage, thermal transport, and heat sinks selection. Cabin bleed air and windblown airfoils can be an approach of heat sinks. 125 Other solutions may come from technologies, such as loop heat pipes, advanced liquid cooling, heat spreaders, and phase-change materials. Advanced materials, such as nano technology, and high thermal conductivity graphite foams, were developed. 8 Each technology accommodates particular benefits and drawbacks with regard to costs, weight, energy requirement, and most importantly heat transfer performance under harsh conditions. Specifically, secondary flight control actuators work on an intermittent basis, which allows for heat dissipation within a sufficient time span. However, primary flight control surfaces are engaged throughout flight all the time, and critical attention to thermal management should be more demanding. Collection of thermal data for the validation of thermal analyses and establishing the capability for future thermal predictions is then the first driver for flight testing. Thermal parameters shall be strongly monitored in particular for EMAs on aileron applications where the surface load is high in cruise.
The main heat sources in the actuator module are the copper loss of the stator winding and the iron loss of the stator iron core in the servo motor. The heat generation depends on the stator windings current, electric power, and dimension of the motor. Therefore, motor efficiency plays a crucial role in realizing the rated thermal performance. The test conducted by Lammers 76 showed that holding presents the most significant challenge to the thermal management of EMA system. During a holding, all the electric power is converted to heat. Balaban et al. 112 described a thermal model that treats motor windings as a lumped system to determine their temperature at each step. Based on the input heat, the heat is transferred from the windings to the motor surface, and then the surface in turn loses heat to the ambient through convection and radiation. The equations that govern the thermal model are described as follows
where I is winding current; R th is thermal resistance; m w and C pw are mass and specific heat of windings; A is motor surface area; T s , T w , and T inf are temperature of motor surface, winding, and ambient, respectively. Furthermore, the heat due to friction loss that is generated by the gearbox and screw mechanism cannot be ignored because of a potential low efficiency during the transient running. Within the EMA, the heat is carried away by the flow of lubricant, which is not sunk into the actuator itself by conduction. A significant amount of heat at the frictional contact interfaces can be naturally generated in a compact and high-load mechanical system. The conductive heat leads to the temperature rise of transmission components that subsequently results in thermal drift and error as well as the actuation accuracy degradation. Therefore, thermal analysis must be implemented for a complete flight cycle including high-power motors and frictional components. The temperature field modelling of the servo motor and the EMA module is usually completed by the finite element method (FEM) and the equivalent thermal network method.
The FEM is the most effective method in analysing and predicting the heat generation and conduction, including non-linear electromagnetics, coupled thermomechanical, and heat transfer to simulate the complete object. The thermal network analysis provides a rapid tool for predicting thermal distribution without increasing drastically the complexity of the model implementation. For example, Woodburn et al. 126 described a lumped-element model of the permanent magnet motor in the EMA system. The parameters, such as non-linear inductance, thermal resistances, Table 6 . Established scaling laws of EMA components using mass criterion. 120 
Component
Definition parameter Mass
Equation number of Mass column
Rolling bearing Dynamic load capacity C nom (N)
Screw mechanism (nut) Nominal output force F n,nom (N)
Screw mechanism (screw) Nominal output force F s,nom (N)
Gear reducer Nominal output torque T nom (N m)
Brushless motor (cylindrical) Nominal continuous torque T em,nom (N m)
Brushless motor (annular) Nominal continuous torque T em,nom (N m)
Electromagnetic clutch Torque T (N m)
EMA: electromechanical actuator.
and capacitances, were adjusted using FE models. In order to evaluate the thermal distribution and error of the PRSM, a thermomechanical model based on FEM was developed by Ma et al. 127 Pasies et al. 128 demonstrated a novel technique using an electrothermal bus co-simulation to integrate multi-physics models. Moreover, temperature tests of EMA components are the most reliable method, but it is relatively time consuming and vulnerable to the external condition. Figure 14 illustrates the thermography image (temperatures vary from 20 to 120 C) at the rod of an EMA, 129 after a full sinus load of 30 min. For the time being, there are limited interior temperature experiments and system-level thermal analysis available to meet EMA system thermal design requirements. The thermal research also contributes to predicting the remaining useful life of EMAs based on temperature restrictions. 130 
Conclusions
As the MEA/AEA becomes popular in aerospace applications, the EMA is developed as the next generation of actuation system involving flight controls, landing gears, engines, and TVCs. It has been tested and validated successfully in several large-scale research projects mentioned in this review. Due to the increased safety and reliability, easier and reduced maintenance compared to the traditional hydraulic system, EMA system is being extensively applied in commercial and military aircraft fields. From the presented key technologies and research challenges in fight control application, several comments on EMA system development are given: (1) The EMA is moving towards a highly integrated system by means of some critical technologies such as multidisciplinary optimization, integrated design, and directdrive architecture manufacture. (2) The EMA is developed towards high reliability and high power density. The fault-tolerant servo motor, the advanced mechanical transmission mechanism, and the redundant system topologies such as hybrid actuator configurations are usually adopted to comply with the trend. (3) The future EMA research will be directed to jamming-free systems and condition monitoring testing systems, which have a better diagnostic ability along with health management techniques in its early stage and predicting the remaining life of the faulty components. The HM function is identified as an important driver for the EMA technology used in the future aircraft architecture.
The EMA is a relatively new actuation concept for the MEA/AEA and has a high potential of improvement. Although the extensive verification and testing implemented in past several decades, EMAs are not mature enough to replace traditional HSAs in normal mode for safety-critical surfaces. A practical approach can be adopted with the best combination of hydraulic and electric in such flight control applications. This weakness would be overcome owing to the attempts of modularization, standardization, and increased requirement of EMAs.
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